Unregulated uptake of oxidized low-density lipoproteins (ox-LDL) via macrophage scavenger receptors (SRs), such as lectin-like ox-LDL receptor-1 (LOX-1), is a key event in atherosclerosis. In the present study, we used differentiated Caco-2 cells as a model of the human small intestine to evaluate the suppressive effects of 16 traditional food items selected from Okinawa on 12-Otetradecanoylphorbol-13-acetate (TPA)-induced LOX-1 mRNA expression in THP-1 human monocyte-like cells. Three Zingiberaceae plants, Curcuma aromatica Salisbury, Curcuma longa L., and Zingiber zerumbet Smith, markedly suppressed that expression. When added to the apical sides of Caco-2 monolayers, zerumbone, a sesquiterpene from Z. zerumbet Smith, was found to permeate into the basolateral medium as an intact structure in a time-dependent manner. -Humulene, a structural analog of zerumbone lacking the ,-unsaturated carbonyl group, did not suppress LOX-1 mRNA expression, indicating that its electrophilic moiety might play pivotal roles in its activities. Further, zerumbone attenuated the expression of SR-A, SR-PSOX, and CD36, but not that of CD68 or CLA-1, leading to a blockade of DiI-acLDL uptake, while it also inhibited the transcriptional activities of activator protein-1 and nuclear factor-B. Together, our results indicate that zerumbone is a potential phytochemical for regulating atherosclerosis with reasonable action mechanisms.
The residents of Okinawa Prefecture in Japan are known for having the highest longevity in the world, according to reports from WHO and the Japan Ministry of Health, Labor, and Welfare. Further, cardiovascular disease, including coronary heart disease and stroke, as well as cancer, which are the leading causes of death in many countries, occur at a very low frequency in Okinawa. [1] [2] [3] Other studies have shown that Okinawan people have favorable serum lipid profiles [4] [5] [6] and the lowest levels of plasma homocysteine, 6, 7) which are risk factors for cardiovascular disease in adults. In addition to comfortable weather conditions, the unique traditional food habits of Okinawa have been proposed to contribute to low cardiovascular mortality and long life expectancy, 6, 8, 9) but there is limited detailed information regarding those foods and the active components responsible for such risk reduction. Recently we found that the anti-oxidative and anti-nitrosative activities of Okinawan food items were remarkably higher in vitro than in foods common to the main islands of Japan. 10) One of the earliest events in atherosclerosis is the accumulation of oxidized low-density lipoprotein (ox-LDL) in the intima, and this modified LDL is a key factor in the initiation and progression of the pathology of atherosclerosis. [11] [12] [13] Scavenger receptors (SRs) are integral membrane proteins that bind to a wide variety of ligands, including modified and oxidized LDL, lipoproteins, apoptotic cells, and pathogens. SR-mediated recognition of oxLDL by macrophages leads to the formation of foam cells and visible lesions. 7, 8, 11, 14, 15) The SR family has at least eight different subclasses (A-H), which have little sequence homology among them, though they recognize common ligands. Thus far, SR-A (class A), CD36 and LIMPII analogous-1 (CLA-1), the human ortholog of SR-BI and CD36 (class B), CD68 (class D), lectin-like oxidized LDL receptor-1 (LOX-1, y To whom correspondence should be addressed. Tel: +81-75-753-6281; Fax: +81-75-753-6284; E-mail: ohigashi@kais.kyoto-u.ac.jp Abbreviations: Ac-LDL, acetylated low-density lipoprotein; Apo E, apolipoprotein; CLA-1, CD36 and LIMPII analogous-1; DiI, 1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanine; DMEM, dulbecco's modified eagle medium; DMSO, dimethyl sulfoxide; FBS, fetal bovine serum; GAPDH, glyceraldehyde-3-phosphate-dehydrogenase; HBSS, Hank's balanced salt solution; HDL, high density lipoprotein; ICAM, intercellular adhesion molecule-1; LDL, low-density lipoprotein; LDLR, LDL receptor; LOX-1, lectin-like ox-LDL receptor-1; MMP, matrix metalloproteinase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NF-B, nuclear factor-kappa B; ox-LDL, oxidized low-density lipoprotein; PBS, phosphate-buffered saline; PPAR, peroxisome proliferator-activated receptor-gamma; RPMI, Roswell Park Memorial Institute; RT-PCR, reverse transcription-polymerase chain reaction; SR, scavenger receptor; SR-PSOX, SR for phosphatidylserine and ox-LDL; TEER, transepithelial electrical resistance; TNF-, tumor necrosis factor-alpha; TPA, 12-O-tetradecanoylphorbol-13-acetate class E), SRs expressed by endothelial cells (SREC, class F), and the SR for phosphatidylserine and ox-LDL (SR-PSOX/CXCL16, class G) have been found to be responsible for cellular ox-LDL uptake. 9, 16) SR expression has been found to be decreased by natural and synthetic peroxisome proliferator-activated receptor-gamma (PPAR) ligands. 17) Further, an adipocyte-derived plasma protein, adiponectin, suppressed SR-A expression and subsequent lipid accumulation in human monocyte-derived macrophages. 18) In addition, statins, which inhibit the key enzyme in cholesterol biosynthesis, have also been reported to down-regulate SRs, 19) while aspirin was reported to modulate ox-LDLmediated responses in endothelial cells, including inhibition of ROS generation and LOX-1 expression. 20) Also, macrophages collected from mice given fish oil had a low level of expression of SR-A, 21) while other studies found that -tocopherol decreased the expression of CD36 in smooth muscle cells 22) and monocytederived macrophages. 23) Ide et al. indicated that aged garlic extract inhibited homocysteine-induced CD36 expression and foam cell formation in THP-1 cells, a human acute monocytic leukemia cell line. 24) In addition, we reported recently that nobiletin, a citrus polymethoxylated flavone, markedly reduced TPA-induced SR mRNA expression and blocked DiI-acLDL uptake in THP-1 cells. 25) In order to evaluate precisely the in vitro physiological functions of plant secondary metabolites, bioavailability and metabolism in the gastrointestinal tract must be considered, because most metabolites are scarcely absorbed, metabolized, or chemically decomposed there. To address this issue, we established a novel bioassay system to focus on the bioconversion of food constituents using differentiated Caco-2 cells as a model of the small intestine. 26) In the present study, we used our Caco-2 model to evaluate the suppressive effects of 16 traditional food items selected from Okinawa on TPA-induced LOX-1 mRNA expression in THP-1, and found that zerumbone, a sesquiterpene, permeated the basorateral side of Caco-2 cell monolayers and suppressed the expression of multiple SRs.
Materials and Methods
Materials. Dulbecco's modified Eagle's medium (DMEM), Roswell Park Memorial Institute (RPMI) 1640 medium, and Opti-MEM Ò were purchased from Gibco BRL (Grand Island, NY), while fetal bovine serum (FBS) came from Invitrogen (Carlsbad, CA). Oligonucleotide primers were synthesized by Proligo (Kyoto, Japan). A QIAshredderÔ and an RNeasy Mini Kit Ò were purchased from Qiagen (Hilden, Germany), and an RNA PCR Kit (ver. 2.1, AMV) from TaKaRa Bio (Shiga, Japan). pRL-TK (Renilla luciferase) and a Dual-Luciferase Reporter Assay System were purchased from Promega (Madison, WI). Lipofectamine was purchased from Invitrogen (Carlsbad, CA). Acetylated LDL labeled with 1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindo-carbocyanine perchlorate (DiI) was obtained from Biomedical Technologies (Stoughton, MA). Zerumbone was purified as previously reported. 27) All other chemicals were purchased from Wako Pure Chemicals (Osaka, Japan), unless otherwise specified.
Cell cultures. Human monocyte-derived THP-1 cells and colonic adenocarcinoma Caco-2 cells were obtained from the American Type Culture Collection (Manassas, VA). THP-1 cells were maintained in RPMI 1640, and Caco-2 cells in DMEM. Each medium was supplemented with 10% FBS, 100 ng/ml of streptomycin, 100 U/ml of penicillin, and 300 ng/ml of L-glutamine. The cells were incubated under a humidified atmosphere of 95% O 2 and 5% CO 2 at 37 C. For screening tests, Caco-2 cells were seeded on cell culture inserts (PET track-etched membrane, 23 mm in diameter, pore size 0.4 mm, Becton Dickinson Labware, Franklin Lakes, NJ) in 6-well plates at a density of 2 Â 10 5 cells/insert. The basolateral and apical compartments contained 2.0 and 3.0 ml of culture medium respectively. Each medium was replaced freshly 2 or 3 times each week. The cell culture inserts were used for the experiments at 14 to 21 d after seeding, when transepithelial electrical resistance (TEER) exceeded 300 cm 2 .
Sample preparation. Fresh food items were purchased at local markets in Okinawa Prefecture, Japan. Ten grams of each were cut into small pieces, suspended in 10 ml of phosphate-buffered saline (PBS), and subjected to a homogenizer (Ultra Turrax T25 basic, IKA Labortechnik, Staufen, Germany) for 30 s at room temperature. The homogenates thus obtained were centrifuged at 5;000 Â g for 5 min and filtrated through a filter paper (P3801 No. 2, Advantec, Tokyo). To mimic the in vivo situation, each sample was subjected to a two-phase process of the gastric phase, including acidification, and the intestinal phase initiated by neutralization. Each sample was acidified to pH 2 with HCl, then incubated with shaking at 37 C for 6 h in a water bath. Next, the sample was neutralized to pH 7 with NaHCO 3 and incubated at 95 C for 10 min in a heat block. Each resulting food preparation was aliquoted and frozen immediately at À80 C until use.
Suppressive effects of basolateral media on TPAinduced LOX-1 mRNA expression in THP-1. Fully differentiated Caco-2 cells, prepared as described above, were used in the experiments.
26) The medium from each side of the insert was removed and washed with Hank's balanced salt solution (HBSS) twice. Then phenol-red free DMEM medium was added to the apical (2 ml) and basolateral (3 ml) sides. Next, one of the test food preparations (5% or 25%, v=v) or PBS was added to the apical side of the Caco-2 monolayer and incubated at 37 C for 24 h. After incubation, 1:5 Â 10 6 THP-1 cells were incubated in the medium collected from the basolateral side (1 ml) in a 12-well plate for 30 min, followed by stimulation with TPA (30 nM) for 24 h. The suppressive effects on LOX-1 mRNA expression were evaluated by reverse transcription-polymerase chain reaction (RT-PCR), as described below. The cell viability (CV) of the Caco-2 cells was assessed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, 28) and that of the THP-1 cells was determined using a trypan blue-dye exclusion test.
Suppressive effects of zerumbone and its analogs on TPA-induced SR mRNA expression in THP-1 cells. THP-1 cells at 1:5 Â 10 6 were incubated with the test samples or vehicle (0.5% DMSO, v=v) for 30 min in 1 ml of RPMI medium with 10% FBS in 12-well plates, followed by stimulation with TPA (30 nM) for designated periods of time. The suppressive effect of each test sample on LOX-1 mRNA expression was evaluated by RT-PCR, as described below. Each experiment was performed at least 3 times, and the data are shown as the mean AE standard deviation (SD) where applicable. Statistically significant differences between groups in each assay were determined by Student's t-test (twosided).
RT-PCR. Total RNA was extracted using a QIAshredderÔ, RNase-free DNase set, and an RNeasy Mini Kit Ò . A glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) transcript served as the internal control. cDNA was synthesized using 1 mg of total RNA and an RNA PCR Kit (AMV). PCR amplification was performed using a thermal cycler (PTC-100Ô, MJ Research, Watertown, MA), and conducted with 0.05 mM of each sense and antisense primer. The primer sequences and PCR conditions (denaturation, annealing, and primer extension time and temperature) are listed in Table 2 . PCR products were subjected to electrophoresis on 3% agarose gels and stained with SYBR Ò Gold. The signal intensities of the bands with the expected sizes were quantified by NIH Image and compared with that of GAPDH amplified under identical conditions. Cellular uptake of DiI-acLDL. THP-1 cells were cultured on chamber slides (Iwaki, Tokyo) (1 Â 10 5 cells/0.2 ml RPMI medium with FBS 10%) and incubated for 30 min with zerumbone (10 mM) or the vehicle (0.5% DMSO, v=v). After being stimulated with TPA (30 nM), the cells were incubated at 37 C for 48 h and then washed 3 times, placed in RPMI medium containing DiI-acLDL (10 mg/ml), and incubated at 37 C for 4 h. The medium was removed and the cells were washed 3 times with PBS, then fixed with 4% paraformaldehyde for 20 min at room temperature, followed by washing 3 times with distilled water. A drop of 80% PBS in glycerol was mounted on the slide glass prior to viewing. DiI-acLDL uptake was observed with a UFX-35A fluorescent microscope (Nikon, Tokyo), with the results were shown at the original magnification, Â 200. Each experiment was performed at least 3 times, and the data are shown as the mean AE SD where applicable. Statistically significant differences between groups in each assay were determined by Student's t-test (two-sided).
Reporter assay. Cells were transfected with 4 mg of AP-1 or nuclear factor-kappa B (NF-B) promoterluciferase constructs with the herpes simplex thymidine kinase driven Renilla luciferase reporter (pRL-TK) plasmid (Promega) using lipofectamine. Then they were incubated at a concentration of 5 Â 10 5 cells/ml in Opti-MEM Ò I medium containing the transfection mixture for 12 h at 37 C. After transfection, the transfection reagent was replaced with RPMI medium containing 10% FBS for 12 h. The cells were next plated in 24-well plates and treated with zerumbone (10 mM) or the vehicle for 30 min, then stimulated with TPA (30 nM) for 48 h. pRL-TK was used in the co-transfection experiments to compare transfection efficiencies. Firefly and Renilla luciferase assays were conducted using a Dual-Luciferase Ò Reporter Assay System (Promega), according to the manufacturer's protocol. Briefly, the cells were washed with PBS and lysed with Passive Lysis Buffer (100 ml/ well). The assays for firefly luciferase and Renilla luciferase activities were performed sequentially in a single reaction tube using a 20 ml aliquot of each cell lysate. The cell lysates were mixed with Luciferase Assay Reagent II and firefly luminescence was measured using a luminometer with a dual automatic injector (Lumat LB9507, PerkinElmer, Boston, MA). Next, the samples were mixed with Stop and Glo reagent, and Renilla luciferase activity was determined as an internal control. Relative luciferase activity was calculated as the ratio of firefly luciferase activity to Renilla luciferase activity. Each experiment was performed at least 3 times, and the data are shown as the mean AE SD where applicable. Statistically significant differences between groups in each assay were determined by Student's t-test (two-sided).
Results
Screening of treated Caco-2 cell basolateral media for effects on LOX-1 expression in THP-1 cells
In order to examine the effects of the 16 Okinawa foods on TPA-induced LOX-1 expression, each preparation was separately added to the apical side of Caco-2 monolayers at a concentration of 25% (v=v). As shown in Table 1 , the basolateral media from Artemisia indica Willd and Chenopoofium L. as well as three Zingiberaceae plants, Curcuma aromatica Salisbury (wild turmeric), Curcuma longa L. (turmeric), and Zingiber zerumbet Smith, markedly reduced LOX-1 mRNA expression. These five preparations were then assayed at a concentration of 5% (v=v). The inhibitory rates (IR) of the basolateral media from the three Zingiberaceae plants were remarkable (IR > 75%) without any cytotoxicity shown toward either the Caco-2 or the THP-1 cells. In contrast, Saccharum officinarum L. (sugar cane), Ipomoea batatas, Compositae, Ixeris dentate Nakai Cucurbitaceae, Momordica charantia L. (balsam pear), and Luffa cylinadrical Roem (sponge gourd) increased LOX-1 mRNA expression by 1.5 to 2.0-fold.
Concentration-and time-dependent LOX-1 gene suppression by zerumbone
Several types of substances can be present in the basolateral medium from Z. Zerumbet-added differentiated Caco-2 cells. They can be classified into: (i) intact components in Z. Zerumbet that penetrate the paracellular pathway or tight junction; (ii) their metabolites, including conjugates with glucuronic and sulfuric acids and/or methylated derivatives; (iii) chemically degraded products; and (iv) secreted factors, including hormones and cytokines from Caco-2 cells in response to stimulation from the homogenate stimuli; and so forth. Hence, active basolateral medium was separated into a low molecular (molecular weight, MW < 5;000) and a high molecular (MW > 5;000) weight fraction. Only the lower molecular fraction had suppressive effects on LOX-1 (data not shown), suggesting that the active constituents of the Z. zerumbet were low molecular substances. To investigate the active constituents of Z. zerumbet, we analyzed the ethyl acetate extracts of its homogenate using high-performance liquid chromatography. Zerumbone, a major component of Z. zerumbet, 29) was detected at a high concentration (64%, w=w) (data not shown), and was selected for further study. As shown in Fig. 1A , TPA-treated THP-1 cells showed increased LOX-1 mRNA levels, which were significantly reduced by pretreatment with zerumbone (1-20 mM) in a concentration-dependent manner, 50% inhibition occurring at a concentration of 9.4 mM. Zerumbone (50 mM) conditioned basolateral media showed significant LOX-1 suppression from 6-24 h (IR ¼ 67:4{82:2%) (Fig. 1B) . The concentration of zerumbone in the 5% (v=v) homogenate of Z. Zerumbet was 130 mM, as quantified by HPLC analysis (data not shown). The concentration of zerumbone used in the Caco-2 assay was the nonlethal maximum, which was determined by preliminary experiments (data not shown). In contrast, -humulene Plant parts tested: B, bulb; F, fruit; L, leaves; S, Stalks; ST, stem; R, root; W, whole part. Caco-2 cells differentiated on a cell culture insert were incubated with the food preparation (5 or 25%, v=v) or PBS in the apical side, and incubated at 37 C for 24 h. After incubation, THP-1 cells (1:5 Â 10 6 ) were incubated in the collected basolateral medium (1 ml) in a 12-well plate for 30 min, followed by stimulation with TPA (30 nM) for 24 h. The inhibitory effects on LOX-1 mRNA expression were evaluated by RT-PCR, as described in ''Materials and Methods.'' IR, inhibitory rate; NT, not tested. The cell viability (CV) of Caco-2 and THP-1 cells were measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and a trypan blue-dye exclusion test, respectively.
(5-20 mM), a zerumbone analog lacking the ,-unsaturated carbonyl group present in zerumbone, did not suppress that expression.
Quantification of zerumbone in the apical and basolateral media of the Caco-2 monolayers and intracellular compartments
As shown in Fig. 2A , the amount of zerumbone in the apical side medium of the Caco-2 monolayers decreased time-dependently at a concentration of 50 mM. Further, zerumbone was detected in the basolateral side medium at a concentration of 3.8 mM after 1 h of incubation, which increased to 8.3 mM at 12-24 h (Fig. 2B) . We also detected zerumbone intracellularly at a rate of 30% of the total incubated amount after 1 h of incubation, which decreased to 5.1% after 24 h (Fig. 2C) .
Effects of zerumbone and -humulene on other SRs and expression of adhesion molecules
Next we examined the effects of zerumbone andhumulene on the mRNA expression of other SRs (SR-A, CD36, CD68, SR-PSOX, and CLA-1) and adhesion molecules (CD11b and CD18) using RT-PCR. THP-1 cells were pre-treated with zerumbone (5 or 10 mM), -humulene (10 mM), or the vehicle, followed by TPA exposure for 24 h. As shown in Fig. 3 , non-treated cells scarcely expressed SR-A, SR-PSOX, CD11b, or CD18 mRNA, all of which were significantly upregulated with TPA treatment, whereas CD36, CD68, and CLA-1 mRNAs were expressed in a constitutive manner. Zerumbone (10 mM) abolished the mRNA expression of SR-A and SR-PSOX, and suppressed that of CD36 by 85%, whereas those of CD68, CLA-1, CD11b, and CD18 mRNA were not markedly changed. On the other hand, -humulene had no effect on the expression of SRs or adhesion molecule mRNA.
Zerumbone inhibited DiI-acLDL uptake
The above results led us to examine the effect of zerumbone on the cellular uptake of modified LDL. THP-1 cells were pre-treated with zerumbone (10 mM) or the vehicle for 30 min, then stimulated with TPA for 24 h, after which DiI-acLDL was observed by fluorescence microscopy. As shown in Fig. 4A and B, undifferentiated THP-1 cells were not positive for DiIacLDL. TPA treatment led to a marked increase in the number of DiI-acLDL-loaded cells, and zerumbone (10 mM) dramatically blocked its uptake.
Zerumbone inhibited AP-1 and NF-B transactivation
The expression of LOX-1 is known to be regulated by several transcriptional factors, including AP-1.
30) To evaluate the mechanism by which zerumbone downregulates the expression of SRs, we examined its inhibitory effects on the TPA-induced activation of AP-1 and NF-B. TPA-treatment led to a 4.8-and 4.5-fold increase in the transcription activity of AP-1 and NF-B respectively, (Fig. 5A and B) , while 50% and 30% suppression respectively was seen when the cells were pre-treated with zerumbone at a concentration of 10 mM.
Discussion
In the present study, we used differentiated Caco-2 cells as a model of the human small intestine to analyze food preparations from homogenates, not extracts, which was considered to be a more practical method, because epithelial cells in the small intestinal tract are exposed to very high concentrations of food digestive compounds after ingestion. A recent study found that the complex mixture of phytochemicals contained in fruits and vegetables provides a more beneficial effect towards health promotion and disease prevention through over- THP-1 cells (1:5 Â 10 6 cells/ml) were incubated with zerumbone (5 or 10 mM), -humulene (HUM, 10 mM), or the vehicle for 30 min, followed by stimulation with TPA (30 nM) for 24 h. The mRNA from each sample was quantified by RT-PCR using GAPDH as the standard, as described in ''Materials and Methods.'' Three independent experiments were performed, and representative data are shown.
lapping and complementary effects than do isolated phytochemicals. 31) Pro-atherogenic roles for SRs have been suggested by experiments with knockout mice. [32] [33] [34] [35] [36] [37] For example, SR-A knockout mice showed a significant decrease in atherosclerotic lesions as compared to apolipoprotein E knockout (apoE À=À ) 32) and LDL receptor knockout (LDLR À=À ) mice. 33) Mice susceptible to diet-induced atherosclerosis and lacking SR-A also had significantly reduced atherosclerotic lesion sizes. 34) In addition, CD36 À=À mice crossed with apoE À=À mice that received a high fat diet showed a 70% reduction in atherosclerotic lesion sizes. 35) Further, experiments with mice lacking both SR-A and CD36 revealed that CD36 is a major oxLDL receptor required for the formation of foam cells; 36) the mice developed smaller atherosclerotic lesions. 37) Those findings suggest that deletion or repression of SRs can predictably decrease ox-LDL uptake, thereby reducing pathophysiological lesion formation, though contrary findings were presented recently. 38) Our data suggest that three Zingiberaceae plants among a group of Okinawan food items markedly suppressed TPA-induced LOX-1 mRNA expression in THP-1 cells (Table 1 ). In a previous study, a low dose of curcumin, an active component of Curcuma aromatica Salisbury and Curcuma longa L, was reported to possess anti-atherogenic effects in apoE/LDLR double-knockout mice aortas 39) and to suppress glucose enhanced LOX-1 expression in THP-1 cells. 40) Based on the results of the present study, we selected Zingiber zerumbet Smith for further study and found that zerumbone, a major constituent, suppressed TPA-induced mRNA expression of a number of SRs, including LOX-1, SR-A, SR-PSOX, and CD36, but not that of CD68 or CLA-1, the latter of which is a human ortholog of SR-BI (Fig. 3) . SR-BI and BII play roles in lipid metabolism by mediating cholesterol uptake from bound high density lipoprotein (HDL), 41, 42) rather than as long-chain fatty acid transporters. SR-B knockout mice have increased circulating plasma cholesterol levels via HDL, 43, 44) and it has been postulated that SR-BI/II is an anti-atherogenic factor for the regulation of cholesterol efflux from cells. 41, 45) Hence it might be desirable that in terms of safety zerumbone does not change the expression of CLA-1. In the present experiments, zerumbone did not suppress the expression of the adhesion molecules CD11b or CD18 (Fig. 3) , while recently we found that nobiletin, a citrus flavonoid, suppressed TPA-induced CD11b, CD18, LOX-1, SR-A, SR-PSOX, CD36, and CD68, but not CLA-1, 25) suggesting differences in the action modes of these two agents. Nevertheless, the relevance of the suppression of expression by zerumbone in vitro in relation to the process of preventing the initiation and progression of atherosclerosis in vivo remains to be demonstrated.
Treatment of THP-1 cells with TPA induces a program of macrophage differentiation, as well as marked up-regulation of SR genes 46, 47) and CD11/ CD18.
48) The 5 0 flanking region of the human LOX-1 gene contains multiple putative binding sites for several transcription factors, including those of AP-1, the GATA family, the STAT family, NF-IL6, Oct-1, CCAAT enhancer-binding proteins, and cyclic AMP response element binding protein. 30) A composite AP-1/ ets binding element and PU.1/Spi-1 binding site is critical to SR-A expression during TPA-induced macrophage differentiation, 49, 50) and AP-1 is a key regulator of SR-PSOX expression in rat aortic smooth muscle cells. 51) Further, protein kinase C activated by TPA is known to stimulate the activities of several classes of transcription factors, including AP-1 and NF-B.
52) The present results suggest that the inhibitory effects of zerumbone on TPA-induced SR mRNA expression are partly associated with the suppression of AP-1 and NF-B activities ( Fig. 5A and B) . In this study, the expression of CD36 was not dramatically upregulated by TPA treatment, while zerumbone almost abolished it (Fig. 3) , suggesting that zerumbone might suppress CD36 mRNA expression by disrupting other unknown transcriptional factors, but not by AP-1 or NF-B. This issue should be addressed in the future.
We have reported that zerumbone suppressed free radical generation as well as the expression of inducible nitric oxide synthase, cyclooxygenase (COX)-2, and tumor necrosis factor (TNF)-in activated leukocytes, and that it also induced apoptosis in human colorectal cancer cell lines without affecting the growth of normal fibroblasts. 53) In addition, oral administration of zerumbone markedly suppressed dextran sulfate sodiuminduced colitis in mice 54) and azoxymethane-induced formation of aberrant crypt foci in rat colons. 27) Takada et al. recently found that zerumbone suppressed NF-B activation induced by TNF, okadaic acid, cigarette smoke condensate, TPA, and H 2 O 2 , while it also inhibited NF-B-dependent reporter gene products involved in cell proliferation, anti-apoptosis, and invasion, such as matrix metalloproteinase-9 (MMP-9), COX-2, and intercellular adhesion molecule-1 (ICAM-1). 55) Since COX-2, MMP-9, ICAM-1, and TNF-are involved in various pathological conditions associated with atherosclerosis, [56] [57] [58] zerumbone is expected to have anti-atherogenic, anti-proliferative, and anti-inflammatory effects.
The present results demonstrate for the first time in vitro absorption of zerumbone. Zerumbone was added to the apical side (50 mM) of differentiated Caco-2 cells, and then after 24 h of incubation, medium collected from the basolateral side was treated with glucuronidase and sulfatase to hydrolyze conjugated zerumbone metabolites. Although 8-hydroxy--humulene, a putative zerumbone metabolite, was detected by gas chromatography in media from both the apical and the basolateral side, the levels were below the limits of measurement (0.33 mM) (data not shown). The concentration of zerumbone detected in the basolateral side medium after 24 h of incubation was 7.9 mM (Fig. 2B) , comparable to the 50% inhibitory concentration of zerumbone (9.4 mM) (Fig. 1A) . Hence the active component in the Z. Zerumbet homogenates was at least in part zerumbone.
-Humulene, a structural analog of zerumbone lacking the ,-unsaturated carbonyl group, has been reported to be completely inactive in suppressing free radical generation, cell proliferation, and apoptosis induction. 51, 55, 59) In the present study as well, -humulene was virtually and consistently inactive, suggesting that the ,-unsaturated carbonyl group is necessary for suppression of SR gene expression (Fig. 1A, Fig. 3 ).
In conclusion, we found that zerumbone has a distinct ability to suppress the expression of multiple SRs induced by TPA via AP-1 and NF-B repression, which blocked DiI-acLDL uptake. Our results suggest that this sesquiterpene can be effective as an agent to regulate the development of atherosclerosis. Further studies utilizing atherosclerosis-prone animal models are now in progress. C. Next, the transfection reagent was replaced by RPMI medium containing 10% FBS, and the cells were incubated for an additional 12 h. The cells were plated in 24-well plates and treated with zerumbone (10 mM) or the vehicle for 30 min, then stimulated with TPA (30 nM) for 48 h. Firefly and Renilla luciferase activities were determined using a Dual-Luciferase Ò Reporter Assay System (Promega), according to the manufacturer's protocol. Relative luciferase activity was calculated as the ratio of firefly luciferase activity to that of Renilla luciferase. a P < 0:05 versus blank.
BL
b P < 0:05 versus TPA in Student's t-test.
